Abstract -The effects of fish farming on a seagrass (Posidonia oceanica) meadow at Fomells Bay, Minorca (Balearic Islands) were studied. Changes in plant and meadow features (e.g. shoot morphology, shoot density, biomass, rhizome growth, nutrient and soluble sugars concentrations...) in three stations along a transect from a disturbed (organic pollution due to fish cultures) to an undisturbed site were assessed. The fish culture had ceased in 1991; however, seagrass decline, already reported in a previous study for the period 1988-1990, was still taking place at the time of sampling (July 1994). Differences between stations were very clear; the station closest to the fish cages showed reduced shoot density, shoot size, underground biomass, sucrose concentration and photosynthetic capacities. In contrast, shoots from the most polluted station showed higher P-concentration in tissues and higher epiphyte biomass than the other two. Since water conditions had recovered completely by the time of the sampling mission, it is proposed that the persistence of the seagrass decline was due to the excess organic matter remaining in the sediment. 0 Elsevier, Paris / Ifremer / Cnrs / Ird aquaculture I seagrass I Posidonia oceanica I eutrophication I sediment characteristics R&urn6 -Effets de Nlevage de poissons sur les herbiers de Posidonia oceanica dans une baie m6diterrant5enne. Les effets de l'elevage de poissons en cages flottantes sur un herbier de Posidonia oceanica ont et6 CtudiCs dans la baie de Fornells (Minorque, iles Baleares). Des modifications dans les caracteristiques de la plante et de l'herbier (morphologie et densitt des faisceaux, biomasse, croissance des rhizomes, teneurs en nutriments et en sucres solubles) sont observees en trois stations d'une radiale allant d'une zone poll&e (par la mat&e organique due aux elevages de poissons) a une zone non pollube. Bien que l'elevage ait cesse en 1991, la degradation notee en 1988-1990 s'est poursuivie jusqu'au moment de l'tchantillonage d&it ici (millet 1994). Les differences entre les stations sont tres nettes : la proximite des cages est associte aux plus faibles valeurs de densite et taille des faisceaux, biomasse, teneur en saccharose et taux photosynthetique, tandis que dans cette m&me zone polluee, la concentration du phosphore darts les tissus et la biomasse des epiphytes sont maximales. La colonne d'eau ayant retrouve son &at initial apt& la disparition des Blevages, la persistance de la degradation pourrait $tre lice ?I des modifications du sediment dont la teneur en mat&e organique est restee tres ClevCe. 
INTRODUCTION
The loss of seagrass meadows over extensive areas is a problem of major concern in the conservation and management of marine coastal ecosystems. Most of this loss has been attributed to human activities, among which the most damaging ones are industrial and domestic effluents and shore-line constructions which seem to increase nutrient and organic matter load and cause imbalances in the sediment budgets [46, 481. This situation is particularly prevalent in the Mediterranean, where the decline of the endemic seagrass Posidonia oceanica (L.) Delile due to anthropogenic activities has been repeatedly documented [4, 37, 4 .51. However, very little is known about seagrass meadow behaviour once the disturbance has ceased, although existing evidence points to an extremely low resilience of this system [33] .
Fish farming induces high organic and nutrient loading into the surrounding water [5] that affects the ecosystem in a similar way to eutrophication. A significant fraction of this input accumulates in the sediment where anoxic conditions prevail [52, 531 . Studies of the impact of marine aquaculture on benthic macrophyte communities, specially seagrass meadows, are scarce in the Mediterranean [ 12, 13 , 341 although all of them show a degradation of the vegetation under the influence of the farming installation. However, the precise nature of this degradation and the underlying mechanisms are unclear. Therefore, we examined in detail a Posidonia oceanica meadow where fish farming had recently ceased after several years of operation and a decline had been previously reported [ 131, analysing both meadow features and plant performances along a transect from the disturbed towards the undisturbed area. This correlational approach aims to obtain not only an assessment of the decline itself, but also some insight into the causal mechanisms.
MATERIALS AND METHODS
The study was carried out in Fornells Bay, situated on the north coast of Minorca (Balearic Islands, western Mediterranean, 40" 03' N and 4" 8' E). Fomells Bay is a semienclosed bay, 4.4 km long and 1.5 km wide, with an average depth of 5. Based on these data, the most distant station (STlOO) was considered as a control (non-polluted) site.
The sediment characteristics of the three stations were determined from samples collected using a diver-held core (10 cm diameter), penetrating approximately 10 cm into the sediment. Three replicate cores were taken at each station, and immediately frozen. Organic matter in the sediment was analyzed for two depth fractions: (i) O-5 cm, and (ii) 6-10 cm. Organic matter content was measured as the decrease in weight after ashing the samples at 450 "C for 5 h. Redox potential was measured in homogenised sediment samples at ambient temperature using a platinum electrode in conjunction with standard calomel reference Metrohm electrode. Potentials were transformed into redox potentials by adding the potential of the reference electrode (+244 mV). Since disturbing samples can introduce errors in redox potential estimates, data were only used for comparative purposes.
Shoot density at each station was measured by counting the shoots present in ten replicate quadrats of 400 cm2. Above-and below-ground biomass were determined in samples obtained with a diver-held core (16 cm diameter, [42] ), penetrating to approximately 20 cm depth in the sediment, Two samples were taken at each station; these were immediately washed with running seawater using a fine sieve and sorted into (i) living leaves, (ii) living algae, (iii) living rhizomes, (iv) dead rhizomes, (v) living roots, (vi) dead roots, and (vii) fine undifferentiated fraction (0.1-0.8 cm). The plant material was dried at 70 "C to constant weight. The criteria used in the fractioning and differentiation of below-ground parts are described in Francour [21] .
The structural and morphological features of the plants were assessed using ten shoots, collected at random by a scuba diver at each station. For each shoot, the following descriptors were measured: number of leaves and, for each leaf, length, width, length of the leaf base and apex state (described as intact, broken, eaten by fish or by seaurchins, [S] ). Epiphytes were removed using a razor blade, and leaves and epiphytes were weighed separately after drying at 70 "C to constant weight.
Nutrient concentrations in plant tissues were analyzed in shoots and rhizomes. At each station, three replicated shoots and attached rhizomes were collected at random by scuba-divers. The plants were sorted into (i) old leaves, (ii) intermediate leaves, (iii) young leaves, and (iv) topmost 2 cm portion of the rhizome, dried to constant weight at 70 "C and ground to a fine powder. To discriminate between young, intermediate and adult leaves, the criteria of Giraud [22] were used. Total nitrogen was determined using a Carlo Erba CHN elemental analyser, while total phosphorus was determined by a calorimetric method after a wet acid digestion in a microwave oven [30] . The carbohydrate content of the rhizomes was determined in aliquots of the samples used for nutrient determinations. Soluble carbohydrates were obtained from hot ethanol extracts (80 "C). The extracts were evaporated to dryness at room temperature under a stream of air, redissolved in distilled water and analysed using resorcinol assay standardised to sucrose using a spectrophotometer [25] . Starch was extracted from the ethanolinsoluble residue in KOH (1N) and analysed spectrophotometrically using anthrone assay standardised to sucrose [541. Net oxygen release at saturating irradiance (Pmax, [28] ) by leaves and oxygen uptake by rhizomes were determined from changes in the dissolved oxygen concentration within 250 mL incubation bottles. Oxygen concentrations were measured with an Orbisphere Model 2610 oximeter to the nearest 0.01 mg L-', after 1 h (for leaf oxygen production) and 2 h (for rhizome respiration) of incubation. Bottles were incubated in situ, suspended at 3 m depth in the study area and incubated at noon on clear sunny days; under these conditions, photon flux density is around 1000 ymol mm2 s-', which largely exceeds saturation values for this species [3] . For leaf oxygen release measurements, 2 cm long, epiphyte-free portions of the first adult leaf (the younger leaf with a distinct leaf base [22]) were used. Rhizome respiration was measured using the topmost 1 cm portion of the rhizome (about one year old; [40] ). Four replicates were used in all cases.
Rhizome growth was determined by measuring the internodal distance among the insertion points of succesive leaf 'scales' (the remnant leaf petioles, which remains attached to the rhizome after leaf abcission); this gives the growth rate per plastochron interval (PI, [36] ) time unit; to convert these data into absolute time units (years), lepidochronology was used [9, 391. This method relies on the cyclic annual variation in the thickness of the mentioned 'scales'. Ten replicates of orthotropic (vertical growing) rhizomes, up to 20 cm long, were taken at each station and used for lepidochronological analysis.
Differences between stations in the descriptors measured were tested using one-way ANOVA. Differences between stations and tissues in nutrient concentration were tested using two-way ANOVA. Tukey's honestly significant difference (HSD) test was used to locate pairwise differences between stations.
RESULTS
The organic matter content in the sediment (table r> at the three stations was very high, ranging from 9 to 16 % of dry weight, with the highest values close to the fish culture cages. Redox potential at the three stations ranged from -10 to 120 mV. figure 3 ), although this trend was only marginally significant. The specific composition of the macroalgae community changed, with a dominance of filamentous red algae, mainly Spyridiafilamentosa, at ST60.
Live total below-ground (rhizome and root) biomass showed significant differences between stations, with values ranging from 296 g me2 at ST60 to up to 3000 g mm2 at STlOO, whereas dead below-ground necromass did not @gut-e 4).
The shoots from the three stations (table ZZZ) were similar in terms of number of leaves per shoot (six on average) and grazing pressure (67 % with intact apex, 10 % broken apex and 22 % eaten apex on average) without significant differences among the three stations. However, they dif- fered in leaf width and length, the leaves from the sites closest to the fish cages being shorter and narrower. They also differed in epiphyte biomass, which was highest near the fish cages, and accounted for 53 % of total shoot (Posidonia + epiphytes) biomass in ST60 and for 33 and 29 % in ST80 and STlOO, respectively.
No differences in N concentration in tissues and starch content in rhizomes were found (table IV) . In contrast, P concentration in the leaves from the station closest to the fish cages (ST60) was significantly higher than that at the other two stations, and N:P atomic ratio was thus lower at this station (ST60) (table N and V). Sucrose content in rhizomes was significantly higher at ST100 than at the other two stations (table II) . Net oxygen release differed significantly between ST60 and ST100 with a 50 % increase at ST100 (figure 5). Rhizome respiration did not show significant differences between stations with values ranging from 0.14 to 0.17 mg g' h-l.
At the three stations studied, the rhizome growth rate displayed a recent and progressive decrease which apparently occurred at the onset of fish culture activities in 1986 (figure 6). The oldest rhizome segments showed growth of around 0.90 mm (PI)-', while the values in recent segments were much lower, around 0.75 mm (PI-') at ST100 and 0.50 mm (PI)-' at ST80 and ST60. The abandonment of fish farming in 199 1 was not reflected by a significant increase in rhizome growth in any of the plants collected at the three stations, only a mild recovery was observed in plants at ST80.
DISCUSSION
The fish farming operations carried out in Fornells Bay for four years had dramatic consequences on the surrounding Posidonia oceanica meadow, as described here and previously documented [13] . An increased organic load, caused by excess fodder and fish faeces, seems to be the immediate cause of the seagrass decline. However, the mechanisms involved in this decline appear to be relatively complex.
Part of the organic matter derived from the cages becomes mineralized in the water, and thereby releases nutrients. These nutrients enhance phytoplankton [5] epiphyte and macroalgal growth which in turn reduce the light available to seagrasses 17, 32,47,49, 511. A decrease in shoot density and biomass has been reported as a common response of seagrasses to natural or artificial light reduction [lo, 16, 17, 35, 411 . Results obtained here are consistent with this finding: in effect, a clear gradient describing the decline in shoot density and shoot biomass appears from the least disturbed to the most disturbed stations, together with an increase in the epiphyte biomass.
However, it has to be remembered that fish farming activity was interrupted in 1991; in spite of this, not only has no recovery taken place, but decline is still occuring. This can be concluded by comparing our data to those previously reported [13] : the size of the bare area beneath the cages appears to be greater and shoot density in the vegetated zone is lower; for example, we found a shoot density, at STlOO, of 183 + 46 shoots m-' in July 1995, while the mentioned authors reported a shoot density of 340 + 41 shoot m-' for the same station in July 1990. Since water column features (nutrient concentrations and water turbidity) had been re-established at the time of the sampling described here (A. Martinez, unpublished observations), the reason for this persistent decline must be linked to sediment characteristics.
Due to the relatively low depth of the site (around 6 m), a significant fraction of the organic matter input is incorporated into the sediment, and mineralized there, resulting in a high organic matter content in the sediment (compared with undisturbed meadows along the Mediterranean coast, where organic content ranges from 1 to 4.5 %; [26] ) and low redox potentials (compared to redox potentials of 150 mV in an undisturbed meadow, M.A. Mateo, unpublished results). Under these conditions, anoxia prevail and sulfide compounds are formed due to the oxidation of the organic material [24] . It is known that the accumulation of reduced compounds have toxic effects on seagrasses, as shown by the direct relationship between sediment sulphide and mortality in Thalassia testudinum [ 111, especially when the potential for utilization of the available light is reduced due to eutrophication [23] . Another effect of sediment hypoxia is that all the oxygen requirements of the below-ground organisms have to be met by oxygen transport from the leaves [50] . Oxygen deficit increases the periods of root hypoxia, which can interfere with N metabolism [43] , and hence with seagrass growth and vitality. Moreover, reducing conditions in the sediment can alter the system nitrogen budget, mostly by increasing denitrification which has been shown to play a significant role in Posidonia oceanica meadows [29,3 I] .
In effect, the nutrient concentration in the leaves indicates a clear nutrient imbalance. Nitrogen concentration in leaves (0.70-l .49 %, relative to dry weight) was below the median value estimated for seagrasses (1.8 %, [ 191) while phosphorus concentration in leaves (0.16-0.40 %) was above (0.2 %; [2, 15, 19, 441) . Consequently, N:P atomic ratios (8.2 to 10.3) were well below the average optimum ratio of 30, reported for aquatic macrophytes by Atkinson and Smith [6] , the median ratio of 24, reported for a set of 27 species of seagrasses by Duarte [ 191 or the value of 31.5 obtained by Alcoverro et al. [2] for nutrient-sufficient plants. All this would suggest a N-limited plant productivity in these meadows, in contrast with the more generalised P-limited productivity of Posidonia oceanica and other mediterranean macroalgae and seagrasses [l, 19, 381. A shift of P-limited macrophytic productivity towards a predominantly N-limitation has been proposed as a sign of increasing eutrophication where denitrification processes may take on greater importance [ 141.
The data presented also suggest a carbon imbalance associated with the organic loading. Pm (net oxygen release at saturating irradiance) is much lower (about 50 %) in ST-60 station than at ST80 and STlOO. The immediate consequence is a limitation of carbon gains. Combining data from table IV and figure 4, it is shown that the total amount of reserves (soluble sugars plus starch) per unit area is about ten-fold higher in the ST-80 and ST-100 stations that in the ST-60 station; this implies that the carbon demand during the period of negative carbon balance of the plant (winter, [ 11) will not be met by such reserves in ST-60, leading to shoot mortality and/or shoot size reduction at the beginning of the productive season; this, as well as a lower value of Pm, would in turn result in a reduction in the excess carbon at the time of the year when net carbon gains are at their maximum (summer, [l]) with consequently lower levels of stored carbohydrates.
Moreover, the high below-ground biomass of this plant (figure 5), which is among the highest reported for seagrasses [18] , implies a high oxygen demand [l] which cannot be met either by oxygen transport from the leaves (due to the partial mortality of shoots, and to the reduced photosynthetic capacities) or by the surrounding sediment, which is clearly hypoxic. This leads to the mortality of below-ground organisms, and since these organisms are of crucial importance for plant winter survival, due to their role as storage sites [l, 421, this, in turn, causes shoot mortality.
The results presented here, although correlative, add information to the existing knowledge on the effects of organic loading on seagrasses. Moreover, there is an unprecedented, as far as we are aware, observation on the fact that a man-made disturbance at a given spatial (some hundreds of square metres) and temporal (several years) scale can propagate its negative effects on the meadow survival well beyond the spatio-temporal dimension of the disturbance, most probably associated to the modification of the conditions of the meadow sediment. Sea-0. DELGADO et al.
grasses are key ecosystems, and are very sensitive to anthropic disturbances [27] ; in the case of I? ocean&, additional concern arises due to its very low recovery capacity [33] . In the light of these considerations, the reported observation of sustained decline well beyond the interruption of the organic loading proves the necessity for extreme caution in mangement decisions if seagrass ecosystems are to be conserved.
